INTRODUCTION
One of the problems in colloid chemistry, about which there is at present no unanimity of opinion, is the question how far a "stagnant" layer of water near a solid/aqueous electrolyte solution interface extends into the liquid. Whereas some authors [see, e.g., Ref. (1) ] present arguments for the existence of a layer of "vicinal" water of several hundred molecular diameters, others (2) arrive at an identity of the potential and tks, the potential at the outer Helmholtz plane. This uncertainty implies an inaccuracy in the interpretation of electrokinetic data (3) .
In a previous paper (4) , it was shown that on a-CaSiOJaqueous electrolyte solution interfaces, simultaneous adsorption of Ca 2+ and OH-occurs in a nearly stoichiometric ratio, which, however, should not be referred to as "surface precipitation" of Ca(OH)2 (5), but rather as mutually stimulated adsorption of cat-and anions. A comparison of adsorption and electrokinetic potentials, which might answer the question whether g = tO8 for the interfaces con- 213 Journal of Colloid and Interface Science, Vol. 67, No. 2, November 1978 cerned, should then comprise an average potential in the plane of chemisorbed ions (henceforth referred to as the "chemisorption plane").
We measured therefore electrokinetics and de-or adsorption isotherms for the ions involved in surface charge generation at some silicate/aqueous electrolyte solution interfaces. As solids, fl-CaSiO3 (woUastonite) and Ca6SiaOlz(OH)~ (xonotlite) were chosen because they have closely related structures (6) and equal Ca/Si ratios, which permits certain conclusions on the effects of surface layer structure on adsorption (see the following). The liquid medium consisted of aqueous NaOH solutions of a constant OH-concentration and varying CaC12 concentrations. Details of the experimental procedures, solid material preparations, and results are described elsewhere (7) . The reversibility of the adsorption data was checked by replacing part of the supernatant after adsorption equilibrium establishment with a CaC12-free NaOH solution and shaking; the surface charges calculated from the analyses of the aqueous solution after such a desorption stage were in agree-ment with data obtained on adsorption starting from a lower CaC12 concentration but ending at an equal Ca 2+ concentration. Desorption equilibrium establishment, however, took more time (24 hr) than adsorption equilibrium establishment (2.5 hr). From these results, we conclude that the adsorption isotherms can be described as (metastable) equilibria, at least for xonotlite. Formation of a surface layer consisting of, e.g., silicic acid is excluded by the fact that, even in CaClz-free NaOH solutions, the amount of Ca z+ desorbed never exceeded that present in the unit cells at the surfaces of the solids.
Of both solids, samples of different Na contents were investigated ([Na] = ca. 25 ppm for xonotlite I and II and wollastonite I and II; [Na] = ca. 500 ppm for xonotlite III and wollastonite III). Effects of differences in Na content on the comparison between xonotlite and wollastonite samples can be eliminated by comparing xonotlite with wollastonite samples of equal Na content. Thus, wollastonite I was prepared by thermally decomposing xonotlite I, etc. (7) .
Simultaneous adsorption of Ca z+ and OH-was found, leveling off at a surface charge tr ~ 0.7 C. m -~ at high [CaC12] . This maximum surface charge agrees reasonably well with the surface charge calculated from the crystal structures (6) for ideal cleavage planes in the 100 and 001 directions (viz. 0.618 C-m-Z). The diffuse double-layer charge was taken account of in all cases by the usual formulas (8), but was found to be negligible.
In the present paper, the results will be employed to calculate distances between the electrokinetic slipping and chemisorption planes.
THEORY
The "chemisorption plane" is defined here as the locus of places where ions can become chemisorbed; this plane will not be mathematically flat, nor can the electrical potential in this plane be taken as a constant. However, the diversity of the electrical potential is taken into account as follows.
We assume that for all ionic species involved in surface charge generation (Ca 2+, OH-, silicate) there are different types of adsorption sites, OH-adsorption includes dissociation of surface ~SiOH groups. Desorption is described as negative adsorption. A Ca 2+ adsorption site of type i is characterized by the sum of a standard chemical adsorption term and a local electrical potential term: /Xica*(ads) + 2F~bica. Similarly, a OH-site is characterized by /xiOH*(ads)-Fq~ion and a silicate site by /Xisn*(ads)-2Fqbisn. The choice for the silicate ions is based on the consideration that hydrolytic splitting of the [-SiOa2--]~ chains in wollastonite and similar chains in xonotlite results in HzSiO4 z-ions leaving the solid.
The local potential, ~bi, is defined as the potential which is operative at the site when an ion, to be adsorbed, approaches the site or when an adsorbed ion enters upon a desorption process, with the provision that the potential due to the ion to be ad-or desorbed is not included in ~b~. Interaction with ions adsorbed on neighboring sites, however, is included in ~bi, and other than electrostatic interaction with neighbor ions is neglected. Thus, the character of a site may change through an adjacent site becoming occupied.
The chemical potential of Ca 2+ ions adsorbed on a site of type i can then be expressed as /Xica*(ads) + 2F~bica + RT × In [0~ca/(1 -0~ca)], if 0~ca = the fraction of sites of type i which is occupied. The equality of electrochemical potential of the calcium ions throughout the system requires:
Here, Yca is the activity coefficient of the calcium ions in the solution and mca is their molality. After differentiation with respect to In Tcamca, rearrangement, and summation of dOicJd In yc~mc~ over all types of Ca z+ sites, we obtain (4)
where Xca = the total amount of Ca z+ adsorbed = Y.~ N~ca0ica, N~ca = the number of Ca 2+ sites of type i, and
Similarly, for OH-and silicate ions:
Average potentials such as those defined by Eq. [3] may differ from the true average potential:
~=IO,4~idN,/IO,dN,. [6] However, if no systematic relation exists between ~bi and /zi*(ads), i.e., if sites of different/xt*(ads) are distributed at random over the surface, no difference between the averages defined by Eqs. [3] and [6] is expected. From the adsorption data, Xca, Xo,, and Xstl are known asf(mca). Yca was calculated by taking into account the formation of Ca(OH) + according to Hopkins and Wulff (9) and the activity coefficients of free ions according to Davies (10) using an iterative procedure. Then, from Eqs. [2] , [4] , and follows that 0~c~ = Tc~rnc~ expu/(1 + Tcarnca expu), [7] and then
du. [8] (1 + Ycamca expu) 2 Similar relations can be derived for the other ionic species. We assumed a Gauss distribution:
dN~ Ns
with Ns = the total number of sites of the ion concerned, taken such as to agree with IO-lmax=0.7C.m -2.
For Tcamca = 0.001 M, f was calculated for different values of w as follows: A particular value was given to w, and thenf was adjusted such as to make
du [10] (1 + Ycamca expu) [5] for all species concerned, as a function of w.
RESULTS AND DISCUSSION
A typical result is shown in Fig. 1 ; some additional data are mentioned in Table I . Generally (with one exception, which is thought to be within the inaccuracy of the data), d~k/d In Tcamca for the Ca z+ sites, for w = 0 (i.e., absence of surface disorder), is found to be <~dg/dln Ycamca. This discrepancy increases with increasing w (see Fig. 1 thus calculated is found to be >dE~ d In yc~mca for all values of w (see Fig. 1 and Table I ). For w = 0, the difference be-
In Ycamca is larger at higher than at lower NaOH concentrations; this is expected if the distance between the electrokinetic slipping and chemisorption planes is approximately the same for those cases. In these cases, we can calculate, e.g., for w = 0, the equivalent distance between the electrokinetic slipping and chemisorption planes (i.e., the distance if ¢r, the relative dielectric constant, =78.3 between these planes) from either of two models: (a) The space behind the electrokinetic slipping plane is accessible to ions; thus there is a space charge in this region. (b) The solvent behind the electrokinetic slipping plane has an ice-like structure and is therefore not accessible to ions; thus there is no special charge accumulation at the electrokinetic slipping plane, d~b/dx then retains its value at the electrokinetic slipping plane, up to the chemisorption plane.
The distances calculated are mentioned in Table I . They may be underestimated because any disorder at the surface (as distinct from surface roughness) will lead to larger distances because of larger differences between (d~b/d In ycarnca)over~ll and dud In ycamc~ (see Fig. 1 ), but they may also be too large because any lowering of Cr behind the electrokinetic slipping plane will lead to smaller distances. Thus, if er varies linearly with distance between 78.3 at the electrokinetic slipping plane and 6 at the chemisorption plane, the distance calculated for an ice-like structure of the solvent in this region, for xonotlite II in 0.01 M NaOH solution, would become 8.6 A.
For other solids investigated, (d~b/d In Ycamca)overan for w = 0 is found to <-dE~ d In Ycamca. However, there are arguments for assuming considerable surface disorder in those cases: (a) Samples containing considerable amounts of Na ÷ are enriched in their surface layers toward this ion (about 50% of it is extracted from the solid after 2.5 hr of contact with aqueous solutions) (7). (b) The wollastonite samples were prepared by thermal decomposition of xonotlite. During this conversion a disordered stage is passed (11) , and after conversion some disorder in the stacking of the [-SiO32--]~ chains in the wollastonite structure is evidenced by diffuse odd layer X-ray reflections (6) . Then significant disorder is likely to persist near the phase boundary.
For those solids where an ordered surface may exist (xonotlites I and II), the electrokinetic slipping and chemisorption planes are not identical. The distances between them, however, are much smaller than that corresponding with a stagnant layer hundreds of molecules thick, and agree better with an identity of outer Helmholtz and electrokinetic slipping planes (2), although they appear to be rather large when compared with other estimates of the Stern layer thickness [see, e.g., Ref. (12)]. This discrepancy may be partly due to the abstractions implicit in the model employed, electrokinetic slipping and chemisorption planes being thought of as mathematical planes. Thus, any surface roughness will lead to larger values between these planes.
The fact that significant differences in adsorption characteristics between the solids are found, which can be related to differences in surface structure, excludes the formation of a hydrated surface gel layer under the conditions of our experiments. For, because of the equal Ca/Si ratios and the close structural relations between wollastonite and xonotlite, such a layer, if formed, is expected to be identical for these two solids.
The present discussion accentuates the necessity of taking into account surface disorder and local deviations from the average potential near a solid/liquid phase boundary, when discussing chemisorption. Although this is likely to be especially important when the solid phase is an isolator, the effect should not a priori be excluded for other interfaces, such as the AgJ/electrolyte solution interface.
